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MIGHTYSAT I: TECHNOLOGY IN SPACE FOR ABOUT A NICKEL ($M)

R.J. Davis*
Capt J.F. Monahan#
T.J. Itchkawich+

Abstract
MightySat is a United States Air Force (USAF) Phillips Laboratory (PL) multi-mission, small
satellite program dedicated to providing frequent, inexpensive, on-orbit demonstrations of highpayoff space system technologies. PL is the USAF center for space technology research &
development. MightySat platfonns provide the on-orbit "lab bench" for responsively testing
emerging technologies to ensure their readiness for operational Air Force missions. This paper
focuses on the MightySat I vehicle, developed largely by CTA Space Systems (CTASS) in
McLean, VA. MightySat I, alSO lb satellite designed for ejection from the Space Shuttle, is now
in final integration and testing just 15 months after contract award and at a total project cost of
about $5M. Details of the spacecraft bus design, integration, testing, and issues associated with
Shuttle compatibility are discussed. The development and integration of the advanced technology
payloads for MightySat I (high-efficiency solar panels, low-power microelectronics, low-shock
release devices, lightweight composite structure, and micro-particle impact detectors) are
described. Strategies for space vehicle integration & test and mission operations are addressed. A
brief summary of upcoming MightySat II satellites (275 Ib vehicles) and missions is also provided.
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The introduction of advanced, often enabling, space
system technologies into USAF operational satellites
has traditionally been a challenging problem. The
term "operational systems" refers to the critical
surveillance, communications, navigation, and other
missions perfonned by the fleet of satellites in the US
Department of Defense (DoD) space architecture.
These systems are generally complex and expensive,
often requiring a decade to develop and hundreds of
millions of dollars to build and launch. Accepting the
risk associated with introducing advanced technology
components into programs of this magnitude is very
difficult for the USAF program directors. Even when
such technologies are key to the success of the mission,
the introduction of unproven technology into new
operational space programs or block-changes to
existing systems has traditionally been a source of
significant program cost growth and development
delays.
More importantly, on-orbit failure or
unexpected degradation of advanced technology
components in critical defense systems is simply not
acceptable for the successful execution of the Air
Force's space mission.
The primary objective of the MightySat program is to
reduce the risk of transitioning advanced space system
technologies from the laboratory to operational USAF
space applications by providing on-orbit demonstration
* The Aerospace Corporation, # USAF PLoratory, + CTA Space Systems

of emerging technologies. PL, in Albuquerque, New
Mexico, is the USAF center for space systems research
and development, with the charter to explore, develop
and transition enabling technologies to the operational
users. PL has advanced technology development
programs underway in nearly all elements of space
systems (space power, space structures, sensors,
propulsion, electronics, software, etc.).
These
programs are in various stages of maturity, from
fundamental scientific research to conceptual design to
actual hardware fabrication and testing. Promising
technologies that emerge from this process are
candidates for demonstration on a MightySat mission.
Data from the MightySat missions will then be used to
support decisions on the readiness of the specific
technology for application in USAF missions. The
difficult technology insertion decision can then be
made with increased confidence and with considerably
reduced risk.
Although technology demonstration and transition is
the primary mission objective for the MightySat
program, PL also realizes several collateral benefits
from this effort. An intangible but very important
benefit of the Mi ghty Sat effort is the invaluable
experience gained by lab personnel within the PL who
support the many aspects of the MightySat program.
MightySat is a microcosm of the larger, more complex
space programs in which many of the PL Air Force
personnel will eventually hold positions of significant

This paper is declared the work of the U.S. Government and is not subject to copyright protection in the United States.

responsibility. MightySat offers real-world lessons in
systems
engineering,
payload
integration,
environmental test, launch operations, and on-orbit
satellite command & control.

conducted: technology users and technology
developers. The ultimate customers for the MightySat
program are the developers and users of USAF
operational space systems at the USAF SMC (Los
Angeles, CA) and Air Force Space Command (AFSPC)
(Colorado Springs, CO). These organizations make the
decisions about insertion of advanced space systems
technologies into operational applications. The second,
more immediate customers for the MightySat program
are the technology developers within PL who propose
experiments or technology demonstrations.

Two realities of the technology demonstration mission
that greatly affect the structure of the MightySat
program are timeliness and cost. First, as anyone who
has recently bought a personal computer is aware,
technology development can move fairly rapidly. In
order to effectively make emerging technologies
available to operational systems, the technologies must
be demonstrated in a timely manner. If the time period
between technology maturity and flight demonstration
is too long, the result will be missed opportunities for
insertion of advanced capability into operational
systems. Thus MightySat seeks to shorten the timeline
for technology demonstration to two to three years
from payload conception to launch. The second reality
that affects the MightySat program is availability of
funding. Fiscal constraints dictate that MightySat
technology demonstration missions be significantly less
expensive than historical military experimental satellite
programs. The total cost goal of each MightySat
mission, including contracted spacecraft development,
government program execution expenses, payload
integration, system testing, launch, and mission
operations is $10M. For MightySat I, a simple
pathfmder mission for the long-term MightySat
program, the total mission cost (including all of the
above) will be near $5M.
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Figure 1: MightySat Organizations
The MIghtySat concept IS to prOVIde a platform of lowrisk, off-the-shelf, low-cost components, upon which
high-technology payloads can be hosted. Though the
MightySat II spacecraft is a. "new" design, it is
comprised to a large extent of existing, flight-proven
hardware and software. The two classes of MightySat
payloads are Experimental Bus Components and StandAlone Experiments. In the case of Experimental Bus
Components, an advanced technology unit is actually
inserted in the spacecraft design, such as a battery.
This advanced technology component is then both a
"payload" from which performance data is gathered,
as well as an integral element in the spacecraft
functionality. Though this use of unproven hardware
in critical functioning roles does increase risk to the
missions, the risk is considered to be acceptable for a
program of this size and expense. The second class of
payloads is Stand Alone Experiments, in which a
component is hosted as a traditional payload.
Examples are sensors, electronic components, or
scientific instruments which have traditional power,
thermal, data, and command & control interfaces with
the spacecraft.

The organizations involved in the MightySat program
are shown in Figure 1. The program is managed by the
PL Space Experiments Directorate in Albuquerque,
NM. MightySat I is a single-mission program in which
an existing spacecraft bus (Exceptional Satellite or
"XSAT", initiated under a National Aeronautics and
Space Administration (NASA) contract in 1988-90)
was refurbished for use as MightySat 1. The contractor
for the MightySat I spacecraft refurbishment effort is
CTASS in McLean, VA. MightySat II is a series of up
to five small satellite missions occurring over the next
decade, with the spacecraft bus developed by Spectrum
Astro, Inc. of Gilbert, AZ. The USAF Space & Missile
Center's (SMC) Test and Evaluation (SMC/TE)
Directorate, also based in Albuquerque, plays a key
role in MightySat through their leadership in mission
operations and launch coordination. Since the Space
Shuttle is the primary launch vehicle for the MightySat
program, NASA is also a key member of the MightySat
team.
The Mighty Sat effort has two distinct groups of
customers for whom the advanced demonstrations are
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harnesses of the MightySat I spacecraft. As is obvious
from this photo, the MightySat I vehicle is very densely
packed with components. The design of the electrical
connections itself presented quite a challenge for
spacecraft engineers, since internal volume for routing
the various wire bundles was very scarce. The last
drawing in Figure 2 shows the overall dimensions of
the MightySat I vehicle. The vehicle size was dictated
by the static and dynamic envelope constraints of the
Shuttle Hitchhiker canister. The vehicle weight was
limited by the capability of the ejector. In order to
avoid deployable antennae (which NASA discourages
for safety reasons), four fixed UHF antenna blades are
This
hard-mounted to the top of the vehicle.
configuration results in the MightySat I vehicle
protruding above the Hitchhiker canister, which is
flown without the traditional motorized lid for this
flight.

MightySat I Mission
The MightySat I mission is a proof-of-concept and
pathfmder for the long term MightySat program. The
primary objectives of this first mission are to rapidly
execute a small satellite technology demonstration
mission at low cost and to gain some background in
the process of satellite development, test, launch and
operations. Overall, MightySat I has been extremely
successful in meeting these objectives. The effort for
the development of the MightySat I spacecraft was
initiated in June, 1995. Over the past 15 months, a
dedicated government and industry team have
accomplished a great deal. The MightySat I spacecraft
has been developed at CTASS, using some residual
NASA's XSAT program. Five
hardware from
advanced technology demonstration experiments have
been designed, fabricated, and tested by various
organizations within PL and associated contractors for
flight on MightySat I. A set of stand-alone Ultra High
Frequency (UHF) ground control stations have been
developed for use in MightySat mission operations. A
complete space vehicle integration and test capability,
including facilities, test equipment, and trained staff,
has been established at PL in time for MightySat final
integration and test. Also, great progress has been
made in certifying the MightySat I space vehicle for
launch on the Space Shuttle.

The MightySat structure is characterized by three decks
supported by six structural frames, which make up a
six-sided, quasi-cylindrical body. The bottom deck
houses spacecraft components, such as the card cage
with nine electronic boards, power, communications,
and attitude control hardware. The middle deck is used
primarily for two of the payloads. The upper deck
supports a solar panel, some experimental thermal
control hardware (calorimeters & thermostat), and four
paddle antennae.

MightySat I Spacecraft
Figure 3 is the overall system block diagram for the
MightySat I vehicle. Functionally, the spacecraft has
four major elements: Command & Data Handling
(C&DH) Subsystem, Electrical Power Subsystem
(EPS), Communications Subsystem (Radio Frequency
(RF», and the Attitude Determination and Control

Figure 2 shows the MightySat I spacecraft from the
outside, prior to exterior components and solar panels
being mounted. The fully composite nature of the
spacecraft structure is evident in this photo. Figure 2
also shows the internal components and wiring
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Figure 2: MightySat I Exterior, Interior, and Dimensions
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Figure 3: MightySat I System Block Diagram
Subsystem (ADACS). In addition, there are mission
unique components that were developed for collecting
solar cell performance data, and for addressing NASA
safety concerns.
Figure 4 provides a top-level
overview of key performance parameters for the
MightySat I spacecraft. Although the MightySat I
spacecraft does not have a large degree of flexibility or
redundancy, the system is a very capable space
platform for meeting the requirements of this specific
mission, especially in light of the cost and development
schedule.

electronic boards make up the C&DH subsystem; these
are shown in Figure 5. This subsystem performs the
following functions: 1) accepts and executes ground
commands, 2) controls all power switching and
commanding of the payload and spacecraft elements, 3)
collects and stores spacecraft and payload telemetry, 4)
schedules and controls communications with the
ground, 5) performs all spacecraft housekeeping and
spacecraft state-of-health functions.
The central
processing unit (CPU) is an enhanced 80C86 running at
a clock speed of 2.5 MHz. The CPU board also
contains an 82C59 Priority Interrupt Controller with 16
interrupt channels and an 82C52 UART (Universal
Asynchronous Receive Transmit protocol) controller
which provides an RS-232 experiment interface using
the X-modem protocol. This board has 4 Kbyte fuselink Programmable Read Only Memory (PROM) for
storing the boot-up code, 64 Kbyte rad-hard Random
Access Memory (RAM) for the CPU stack and other
critical spacecraft parameters, and 64 Kbyte of general
purpose Static RAM (SRAM).

Total Space Vehicle Weight
150lbs
Payload Weight
37lbs
Orbit Average Power Generation
14-21'\\:'
Spacecraft Orbit Avg Power Usage 12\V
Uplink Rate.iDownlink Rate
2400/9600 bps
Attitude Knowledge
+/- 5 deg
FIgure 4: MlghtySat I Performance Parameters

The Memory Input/Output (I/O) Board contains 256
Kbytes of Electrical Programmable Read Only
Memory (EPROM) for two copies of the vehicle's
operating system. The real-time clock and a Watchdog
Timer that continuously monitors software activity and
resets the CPU in the event of a system hang-up are
also hosted on this board.

Command & Data Handling Subsystem
At the heart of the MightySat I system is the C&DH,
which controls all spacecraft functionality.
Nine
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Like the C&DH hardware, the MightySat I software
architecture is relatively simple. A block diagram of
the software architecture is shown in Figure 6 .
Following a Start-up Routine, software control is
passed to the VRTX operating system, which runs the
MAIN task. MAIN, which is the highest priority task
after satellite initialization, maintains the schedule,
initiates execution of routines based upon ground
commands, and passes control to the various sub-tasks
as required. At the heart of the MAIN task is a
scheduler routine, which queues and executes all
vehicle events based upon a list of timed activities in
the Schedule. The Upset Schedule Task, which runs as
the lowest priority task, acts as the vehicle watchdog.
This task checks the CPU interrupt status, ensures that
some event is in the event schedule, services the
Watchdog Timer, and checks for undervoltage
conditions on the power bus. Any anomalous findings
are then acted upon by the C&DH (e.g. initiating
"sleep" mode in the event of a low-voltage condition).

C
n
I

I

.
l

Control

Figure 5: C&DH Subsystem
The Receive/Transmit (Rx/Tx) Board provides the
control and data interface for the RF Communications
subsystem.
This board hosts two 85C30 serial
communications controllers which use a Serial Data
Link Communications (SDLC) protocol to format and
encode the downlink data stream and recover the
uplink data and clock. The Computer Power Switch
Board provides transistors which permit the CPU to
monitor and control the flow of power (at various
regulated voltages) to other boards in the C&DH. Two
Status I/O Boards provide analog and digital inputs,
outputs, and converters for power, thermal, and attitude
control data. Two 640 Kbyte Memory Boards are used
for experiment data storage.
This memory is
subdivided into twenty-nine "mailboxes" ranging from
8 Kbytes to 64 Kbytes. The mailbox structure permits
memory control software to identify and remove any
bad blocks from the data storage architecture. The
fmal board in the card cage is the Experiment Interface
Board, a customized design which contains a great deal
of functionality for experiment control, data collection,
and also performs some hardware control functions,
such as detection of system under-voltage conditions.

The GSE (Ground Support Equipment) Task, which
operates only during ground testing, allows detailed
debug messages to be routed to the GSE and permits
direct input of commands from the GSE into the event
schedule. The NA VMAG (Navigation Magnetometer)
Task is a command-driven task to collect data from the
three-axis magnetometer for subsequent ground
processing to determine the attitude of the vehicle spin
axis. The ACS (Attitude Control System) Task is used
only for periodic maintenance of the vehicle spin rate
and spin-axis orientation, which is accomplished by
on/off commanding of torque coils.
The ASCE
(Advanced Solar Cell Experiment) Task is another
command-driven task which orchestrates the collection
of solar panel performance data, one of the MightySat I
experiment objectives. The MAPLE-I (Microsystem

The MightySat C&DH subsystem is a relatively simple,
low-cost design which very effectively provides the
full functionality needed for this mission. Eight of the
nine boards were off-the-shelf units that have been
used extensively in CTASS small satellites.
Flight Software
The MightySat Flight Software has heritage from many
other CTASS satellites, including the Space Test
Experiment Platform
(STEP)
and
Radiation
Experiment (REX) series.
Processor software is
written in Assembly language and "C", and operates
under Ready Systems' Virtual Run Time Executive
(VRTX) operating system. Use of this combination of
hardware and software allowed the flight code to be
developed and tested on standard personal computers
(PCs) to reduce time, cost, and risk. The majority of

ASCE(2)
MAPLE (3)

TSTAT(4}

Figure 6: Flight Software Architecture
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carefully screened, matched, and conditioned to
provide high-quality, long-life capability. CTASS has
an extensive history of successful small satellite
operations using this low-cost battery approach. Next
in the flow of power through the MightySat system is
the DCIDC converter, This unit accepts the regulated
28 V bus power (actual voltages of 24V to 32V), and
The fmal EPS
converts to +5V and +/- 15V.
component is the PCS, a bank of 16 transistors that
switch power to all bus and payload components based
upon commanding from the C&DH.

and Packaging for Low-Power Electronics-I) Task is
another experiment execution routine, but in this case
the task is interrupt-driven. When the MAPLE-I
experiment is ready to transfer data to the C&DH for
storage and eventual downlink, it interrupts the C&DH
to activate the MAPLE-l task which is running in the
background. The task then manages the transfer of the
MAPLE-l data into up to sixteen 64 Kbyte mailboxes.
Electrical Power Subsystem
The MightySat EPS consists of seven solar panels, two
solar array string interfaces (SASls), a single 21-cell
Nickel-Cadmium (NiCd) battery, charge regulator,
DCIDC Converter, and Power Control Switch (PCS).
Although most of the EPS design has flight heritage,
the SASI was modified significantly to permit precise
measurement of solar panel performance as part of the
ASCE payload.

Attitude Determination and Control Subsystem
The original plan for MightySat I was to be a tumbling
satellite, with no active attitude control. This approach
was based upon the drive to keep the system simple
and low-cost, and because there was no payloadderived requirement for attitude control. ASCE does
require loose attitude knowledge (within five degrees)
in order to effectively determine the solar incidence
angle for extracting cell performance. Early in the
program, however, it was felt that the tumbling concept
presented too much uncertainty in terms of power
generation and system temperatures. One potential
vehicle attitude would generate no power at all,
resulting in periods of time of uncertain length in
which contact with the satellite would be lost. Since
the
system already contained a three-axis
magnetometer for the required attitude knowledge, the
decision was made to add a torque coil system to
provide a simple means for attitude control.

The solar panels generate satellite power through 13
strings of conventional Gallium-Arsenide (GaAs) cells
and six strings of advanced dual-junction cells. The
dual-junction cells, one of the MightySat I technology
demonstration payloads, are comprised of a Gallium
Indium Phosphide layer atop a GaAs layer
(GaInP/GaAs) on a non-active Germanium substrate.
In the spin-stabilized mode chosen, orbit-averaged
power ranges from about 14W at 0 deg beta angle to a
high of about 27W at +/- 75 deg beta angle. The beta
angle in the expected mission orbit varies between
these extremes with a period of about 50 days.
Power from the solar panels is routed through the
SASI's to the battery charge regulator. The SASI's
combine the power from the seven panels and also
condition temperature and current signals from each
solar cell string. These data are needed for the ASCE.
The battery charge regulator is connected to the bus
loads through an isolation diode, and permits the
battery to supply power when the need exceeds the
power generated by the solar panels. Since some
MightySat I spin characteristics have power generation
drop-outs every 20 seconds, the battery must often be
cycled ON even during sunlit periods to sustain the bus
power loads. The charge regulator, a design modified
from the STEP satellites, is comprised of four
electronic
boards
which
control
battery
charge/discharge and also supply current-limited
voltage for all loads, from either the solar panels or the
battery. At the heart of the charge regulator is a pulsewidth modulator, which uses temperature and power
information to control two transistors that restrict
battery charge and discharge. The MightySat I battery
is a single 4 Amp-hr unit made of 21 Sanyo NiCd "D"
cells wired in series. These commercial cells are

The final ADACS configuration consists of a three-axis
magnetometer and two coarse sun sensors for attitude
determination, plus three torque coils and associated
driver electronics for attitude control. In order to
optimize power generation and maintain a simple, lowcost approach, the vehicle spins at three revolutions per
minute (rpm) about the vehicle "Y" axis, with the spin
axis oriented normal to the orbit plane. This attitude is
best illustrated in the orbit visualization depiction of
Figure 17. Though the "Y" axis would appear to be an
unconventional choice, it is the maximum moment of
inertia axis and is acceptable from a power generation
perspective.
Upon ground command, a simple on-board controller
algorithm will provide ON/OFF commanding to the
torque coils, based upon readings from the
magnetometer, to spin-up the vehicle to three rpm.
The algorithm will then precess the spin axis to the
nominal, orbit-normal orientation. The entire spin-up
and precession process is expected to take less than 10
hrs. After nominal attitude has been attained, the
attitude control algorithm (spin-up and precession) will

6

•I
I

•I
'.
I
I

•I
.'

•
•I
I
I
I
I
I

I

I
I
I

I
I
I
I
I
I
I
I
I
I
I
I
I
I

I

monopole antennae are mounted 90 degrees apart on
the top deck of the MightySat vehicle to produce a
quasi-omnidirectional pattern.

become inactive, and can be re-activated by ground
commanding. The vehicle spin axis can drift off of
orbit normal at a rate of several degrees per day, so
periodic attitude maintenance may be required.

The MightySat RF communications link has a 20 dB
margin for both uplink and downlink at a five degree
elevation angle.
However, the link analysis is
complicated by a polarization issue caused by the
vehicle's spin stabilization.
The antenna pattern,
though omnidirectional in gain, has strongly RightHand Circular and Left-Hand Circular polarization
regions. Thus, the antenna pattern has deep nulls with
respect to a particular polarization. This phenomenon
has no implications for downlink, since the ground
stations have polarity-combining capability.
The
spacecraft receiver / ground control station (GCS)
combination, however, is not sophisticated enough to
combine the polarization of the uplink signal. The
simplest and least expensive strategy for addressing
this issue was to introduce an operational solution. The
identical uplink data stream will be broadcast in one
polarization three times in succession over a 20-second
time period. The vehicle spin characteristic is such that
the proper antenna pattern will exist for at least one of
the three command uplink attempts to be received. If
the C&DH receives more than one of the three
command uplinks, it will compare the time tags of the
commands and reject the duplicates.

Ground processing of attitude data from the
magnetometer, coarse sun sensors, and solar panels will
be used to determine the orientation of the vehicle to
within five degrees to meet the ASCE pay load
requirement. Actual performance is expected to be
near one degree attitude know ledge over a single orbit.
The results of this effort will also provide a history of
the vehicle's attitude for use in mission planning or
scheduling attitude maintenance.
RF Communications Subsystem
The strategy for development of the MightySat I RF
Communications subsystem was largely cost driven.
Residual, government-owned UHF communications
hardware was available for both the spacecraft and for
a set of dedicated ground stations.
In addition,
dependence upon the Air Force Satellite Control
Network (AFSCN) for satellite communications was
considered to be a potentially significant cost risk to the
long term MightySat program. Thus, the decision was
made to use an existing UHF system to minimize
overall program cost, at the expense of downlink rate
and frequency of ground contacts. The MightySat I
communications architecture consists of a simple, halfduplex approach with a 2400 bps FSK (Frequency
Shift-Keyed) uplink and 9600 bps BPSK (Bi-Phase
Shift Keyed) downlink. A set of dedicated UHF
ground stations have been developed which will be
used at two geographical sites for satellite telemetry
collection and commanding.

MightySat I Payloads

MightySat
has four advanced technology
demonstration experiments: two Experimental Bus
Components and two Stand Alone Experiments. Each
of these "payloads" were developed within the Space
and Missile Technology Directorate at the USAF PL.
In addition, a Micro-Particle Impact Detector (MPID),
developed within the Weapons & Survivability
Directorate, will also be hosted on MightySat I.

The spacecraft RF Subsystem consists of a receiver,
transmitter, transmit/receive (TIR) switch, antenna
hybrid, four blade antennae, RF test adapter and clock
generator. All of the MightySat I RF subsystem has
flight heritage from past CTASS missions, and a
significant amount of the actual hardware was salvaged
from earlier programs, such as XSAT. The BPSK
modulated transmitter has an output power of 14 W
with an efficiency of 60%. The receiver is a fixed
frequency, single conversion unit with a 2.5 dB noise
figure and a 10 dB SIN (signal to noise) ratio at an
input signal level of -120 dBm. The transmit/receive
switch routes the RF signal between the antenna and
the appropriate unit (receiver or transmitter). A similar
unit called the RF test adapter switches the transmitter
output to a dummy load to protect the transmitter and
for ground testing purposes. The clock generator
houses crystal oscillators for both the spacecraft
computer and the receiver.
Four quarter-wave

Advanced Composite Structure
The advanced composite structure, which serves as the
structure for the vehicle, has no real data or command
interfaces with the spacecraft. All pertinent data on the
structure will be acquired in ground testing, and the
actual space flight will provide increased space heritage
for this technology. The structure, developed by
Composite Optics Inc. (COl) under a PL contract,
consists of a composite frame, three decks, and seven
solar panel substrates, as shown in Figure 2. The
composite material used throughout the structure is
made from a prepreg of K1352U graphite fiber with a
954-3 cyanate resin. The spacecraft frames were
fabricated by using a SnapSat™ approach [Reference
1], in which the elements are cut from cured flatstock
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layups and fitted together using a mortise & tenon
technique. In addition to the well-documented weight
savings of composite structures, the SnapSafM
approach reduces fabrication time by as much as 40%,
and introduces greater flexibility in the process of
design and fabrication of spacecraft structures. The
electrical resistivity of the structure is comparable to
metallic designs; only straps to ground the solar panels
to the frame were necessary for the vehicle grounding
approach.
Advanced Solar Cell Experiment
The second MightySat I experimental bus component
is the Advanced Solar Cell Experiment (ASCE).
MightySat I will be one of the first space missions to
use dual-junction solar cells, which offer a 15%
perfonnance gain over conventional GaAs cells. The
dual-junction cells have a layer of Gallium Indium
Phosphide (GaInP), which captures and converts
shorter wavelength solar energy, relative to GaAs. The
longer wavelength energy passes through the GaInP
layer to be converted to electrical power in the
underlying GaAs layer.
Dual-junction cells can
provide power at an average efficiency of over 21 %,
compared with 18-19% efficiency of GaAs cells and
14-16% from silicon cells. They are also an important
step toward triple-junction technology with the
potential for over 25% efficiency. This advance in
space power generation technology is critical for many
power-intensive sensors of the future, and could be
particularly enabling for small satellite missions,
which are often power-limited.

The ASCE payload consists of 13 strings of 40 GaAs
cells (2x4 cm) and six strings of 18 GalnP cells (2x2
cm). A side panel, with one string of dual-junction
cells and two strings of GaAs cells, is shown in Figure
7. The cells are bonded directly to a kapton-coated,
monocoque, composite substrate (0.060" thick). The
use of both solar cell types on the same mission
provides a side-by-side comparison of cell perfonnance
on-orbit. The solar panels have been extensively tested
to characterize cell perfonnance, both at the vendor site
and at PL's Space Power Laboratory. However, the
ability of the ground-based solar simulators to match
the precise spectrum of the sun is limited. Thus, one of
the objectives of this experiment is to resolve
uncertainties in the beginning-of-life modeling of the
performance of dual-junction cells. Another objective
is to determine the effects of the space environment on
the efficiency of the cells, although the MightySat I
orbit and lifetime are not expected to produce largescale changes in cell performance.
As mentioned earlier, the SASI components will permit
careful measurement of the current and temperature of
each string.
Ground processing of attitude
detennination data will allow a reasonably accurate
estimation of the solar incidence angle at the time of
solar panel data collection. All the parameters will
then be used to calculate the on-orbit performance of
the solar cells, which will be compared with ground
test data. In addition to providing data on a new space
power technology, the solar cell "payload" provides
power generation for the MightySat I mission.

Figure 7: MightySat I Advanced8'olar Cell Experiment Side Panel
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Microsystem and Packaging for Low Power Electronics

The Microsystem and Packaging for Low Power
Electronics (MAPLE-l) experiment is demonstration
of advanced microelectronics and electronics
packaging techniques. This payload, shown in Figure
8, consists of six electronic boards or "slices"
containing such advanced technology items as solid
state recorders (SRAM) and Micro Electro-Mechanical
Systems (MEMS) accelerometers. MAPLE-l also
contains an Environmental Monitoring Chip, which
tracks total ionizing dose, and a Packaging Reliability
Board for monitoring moisture, dust, and material
property changes in electronic components. A side~
by-side comparison of hardened and commercial
FPGAs (field gate programmable arrays) will be
performed on this experiment, as well as a
demonstration of the new radiation-tolerant (and lower
power) version of the popular 8051 8-bit processor.

Shape-Memory Actuated Release Device
The Shape-Memory Actuated Release Device
(SMARD) payload is an on-orbit demonstration of a
new class of low-shock release devices. Such devices
have application in nearly all space systems, and are
essentially replacements for conventional pyrotechnic
units. The SMARD devices are based upon a shapememory alloy (Nitinol) which is used as the driving
force to actuate the release of a fastener. Release
devices in general are used to separate satellites from
launch vehicle adapters, or to deploy antennae, solar
arrays, sensor covers, or other elements of space
systems. Studies have shown that the shock imparted
on space systems from the firing of conventional
release devices, such as pyrotechnic bolt cutters, can
potentially damage sensitive electronics. Figure 9
shows some performance data from the SMARD

a

Device

The objective of this experiment is to provide an onorbit demonstration of the latest advances in low power
electronics, and characterize their performance in the
collective space environment. As in the case of the
solar cells, the expected MightySat I environment is not
stressing to electronics from a radiation perspective.
However, gaining space heritage for any of the
emerging electronics technologies provides a larger
performance database for assisting in the transition of
the technology.

Pyro
Link Wire
SMA Low Force Nut
SMA Two Stage Nut

Shock (O's)

Separation
Time (msec)

Resettable

7000
5000
500
200

2
20
40
30

No
No
Yes
Yes

FIgure 9: ComparIson of Release DeVIce Performance
release devices, relative to commonly-used pyrotechnic
and linkwire technologies. Shape memory Actuated
(SMA) devices offer greatly reduced shock levels at the
expense of slightly longer separation times. They are
also relatively low-cost, and have the added benefit of
being completely resettable. Thus, the specific flight
unit can be ground tested to ensure functionality.
SMARDs also offer reduced contamination and safety
concerns, since there are no pressurized gases or
explosion hazards.

The MAPLE-l payload is expected to be operating
continuously during the life of the MightySat I mission.
MAPLE-l will continuously test the SRAM and the
FPGAs for errors and will monitor the environment for
single event upsets. The MEMS accelerometers will
attempt to capture any vehicle loads, including the
fIring of the release devices in the Shape-Memory
Actuated Release Device (SMARD) experiment. The
microcontroller slice will autonomously control the
other boards, and will handle the transfer of data to the
spacecraft for storage and eventual downlink.
MAPLE-l is the primary user of the 1.2 Mbyte of
memory on-board the satellite.

The MightySat I SMARD payload consists of four
release devices mounted to a common, instrumented
deck, as shown in Figure 10.
A neighboring
electronics box performs the arming and firing of the
devices, and routes the data collection channels to the
spacecraft. The four release devices use different
technologies to perform the release of a 0.25" bolt,
which is captured in the volume below the mounting
deck. A conventional pyrotechnic device, a linkwire
device, and two shape-memory actuated devices are
used in this experiment. The devices are "frred" one at
a time, while actuation current & voltage, shock levels,
release time, and temperature data are collected. The
data is stored in spacecraft memory, and later
down linked to the ground for post-processing. The
execution of the SMARD experiment by the MightySat

Figure 8: MAPLE-l Experiment

9

compatibility with the standard Space Transportation
System (STS) Hitchhiker Ejection System (HES). The
chief reason for this approach is cost; as a USAF
payload, the cost of launching from the Space Shuttle is
consistent with the cost goals of the program. Launch
system reliability, and a relatively high frequency of
launch opportunities as a secondary payload are other
attractive features of the Shuttle. However, Space
Shuttle launch does have some rather significant
drawbacks, such as the program impact and
engineering costs of the extensive NASA Safety
Review Process. Also, the Shuttle orbits are not always
optimal for technology demonstrations that require
special orbits, such as sun synchronous or highradiation. For this reason, the MightySat II series is
being designed with alternate launch systems in mind,
to take advantage of any potential low-cost launch
opportunity that may arise.
Figure 10: SMARD Devices and Electronics
MightySat I has a standard Marman Ring interface with
the HES. Figure 11 shows the MightySat I vehicle in
the Hitchhiker canister with the standard motorized lid
removed. The interface with the HES is strictly
mechanical; no power, telemetry, or command
interface exists between the Shuttle and the MightySat
I vehicle. MightySat is essentially "inert" while in the
canister; all spacecraft components are isolated from
power sources. There are no active thermal controls
while in the canister, so the MightySat vehicle
temperature will depend largely upon the nature of the
specific STS mission (i.e. earth-pointing, spacepointing, etc.). Safety issues associated with launching
on a manned system have impacted the MightySat I

I spacecraft presented several challenges. The release
devices need a 1200W burst of energy for actuation;
delivering this power without affecting the spacecraft
functionality or data collection requires a speciallydesigned power system. The 21 cell CTASS NiCd
battery is more than capable of supplying the 60 Amp
pulses required by the SMARD payload.
Data
acquisition for the SMARD experiment requires the
collection of accelerometer and load cell data at 25 kHz
for a 50 msec time period.
Micro-Particle Impact Detector
The Weapons and Survivability Directorate within PL
recently proposed the Micro-Particle Impact Detector
(MPID) payload for MightySat I.
This payload
consists of two credit card-sized plates which provide
indications of micro-particle impacts. The objective of
the overall MPID effort is to place as many detectors as
possible into the space environment. These detectors
can then contribute to the information database for
natural and man-made orbital "debris". By recording
the time of impact and referencing to the vehicle
ephemeris, the orbit position at time of impact can be
determined. A late addition to the MightySat I mission,
the MPID payload was proposed just two months
before shipment of the spacecraft to PL.

MightySat Launch

The primary launch approach for the MightySat
program is ejection from the Space Shuttle. The
MightySat I vehicle was designed and built for direct

Figure 11: MightySat I in the Hitchhiker Canister
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cannot be illuminated in the canister, the photodiodes
are a second physical signal that MightySat ejection
has occurred. The importance of the photodiodes is that
they provide an independent verification, relative to the
microswitches, that MightySat has been ejected.
Power then flows to a third timer/relay pair (Inhibit
#3), which again is dependent upon a second
photodiode pair being illuminated. Finally, the flow of
primary power is permitted through a second set of
microswitches which closed at ejection (Inhibit #4).
All three relays are of different types, and are mounted
in mutually orthogonal orientations to preclude
common failure modes.
The inhibit chain must
proceed in series, with power from the first inhibit
feeding subsequent inhibits. Since failure of this
system to proceed through the inhibit chain would
result in ejection of a "dead" satellite, the TIU design
is critical to mission success.

program from many aspects. The design of two
MightySat I components were particularly driven by
safety-related concerns: the Transmit Inhibit Unit
(TIU) and the NiCd battery.
The TIU is an electronic component that was added to
the MightySat I design specifically to address the
safety concerns of launching on the Shuttle. This unit
essentially contains a series of electrical inhibits that
block power from reaching "hazardous" components,
such as the spacecraft transmitter. NASA requirements
dictate that MightySat transmitter activity within 30
feet of the Shuttle is not permitted. Otherhazards
associated with electronic board shorting were most
easily addressed by simply ensuring that the MightySat
system was powered OFF while in the canister.
A top-level block diagram of the TIU design is shown
in Figure 12. Since the inhibits cannot be monitored
on-orbit, NASA requires four independent inhibits. At
separation from the RES, closure of a pair of
microswitches permits power to flow to a 100 second
timer circuit, which then closes a double-throw relay
(Inhibit #1). Once the first relay closes, power flows to
a second 100 sec timer/relay pair (Inhibit #2). The
completion of this relay circuitry, however, requires
that a pair of photodiodes mounted on the bottom of
the MightySat vehicle be illuminated. Since these units

Another serious concern of the NASA Safety Review
Panel is the MightySat battery, shown in Figure 13.
MightySat uses commercial Sanyo NiCd "D" cells,
which do not have the typical design and test
documentation associated with hardware developed for
aerospace applications. Although these cells have
flown for a decade on many CTASS small satellites
without a single cell failure on orbit, the MightySat
team faced several design and testing challenges to

I

Spacecraft
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INHIBIT KEY
Inhibit 1: K1 Relay
Inhibit 2: K2 Relay
Inhibit 3: K3 Relay
Inhibit 4: fJ.Switches C, 0, E, F

Figure 12: MightySat I Transmit Inhibit Unit Block Diagram
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Figure 13: MightySat I SealedlVented Battery Pack Design
MightySat I battery experience is a valuable "lesson
learned" for the long term MightySat program.

meet NASA requirements. The primary concern was
that a build-up of internal cell pressure would result in
electrolyte venting or cell burst. Pressure rise in the
cell could be caused by battery overcharge or cell
reversal. Even though there are several inhibits to
battery operation (charge or discharge) while
MightySat is in the canister, concerns about the lack of
cell data persisted. In order to better understand the
nature of the NiCd cells, the M ighty Sat program
sponsored a series of tests at The Aerospace
Corporation to experimentally determine the maximum
operating pressure of the cells in off-nominal
conditions, such as overcharge and reversal. The
pressure at which the cells would vent was also
determined experimentally.

MightySat I Testing
During spacecraft development at CTASS, each of the
spacecraft components was subjected to thermal
cycling and random vibration acceptance testing to
ensure quality of the workmanship. In some cases, the
component was a new design (e.g. TIU), and the testing
served as a qualification as well as acceptance test.
Once assembled, the spacecraft (without payloads)
underwent
EMllEMC
(Electro-Magnetic
InterferencelElectro-Magnetic Compatibility) testing
and thermal cycles testing with electronic check-outs of
the full functionality of the spacecraft at hot and cold
dwells.

In addition to testing the cells, the MightySat team was
tasked with designing a battery "'box" which would
absorb and contain the potentially hazardous potassium
hydroxide (KOH) electrolyte in the event of cell
venting.
Although the box must contain liquid
electrolyte, it must also be vented to permit any
evolved gases (hydrogen or oxygen) from
accumulating and presenting an ignition hazard. The
design solution, shown in Figure 13, is an aluminum
box with special cut-out regions adjacent to cell vents
that is filled with an absorbent material. These regions
will contain any leaked electrolyte using the absorbent
material, while not permitting shorting across paths of
leaked electrolyte. A microporous Teflon filter is also
used over a vent hole in the battery box, so that
hazardous gases will escape from the battery box. In
this case, an originally low-cost battery approach
became significantly more expensive due to the
manpower and testing required to meet the
requirements of the NASA safety process.
The

In parallel, each of the MightySat payloads underwent
their own thermal cycle and vibration testing. A
second composite structure, identical to the flight unit,
was fabricated and tested in order to gain an early
understanding of the structural dynamics of the vehicle.
With mass mock-ups in place for the internal
components, the "engineering structure" was put
through random vibration, sine burst testing for
structural qualification, and sine sweep testing to
measure the natural frequency. A photograph of the
engineering structure during the sine sweep test is
shown in Figure 14. The minimum natural frequency
required for flight as a Shuttle secondary payload is 35
Hz, with 50 Hz preferred to avoid additional analysis.
It appears that MightySat I will have a fundamental
mode above 50 Hz.
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frequency shock from the HES separation, will also
include a check-out of the initialization process in the
above TIU discussion. The microswitches will be
closed by separation from the HES, and the
photodiodes will be manually illuminated to
demonstrate that the system can successfully proceed
through the chain of safety inhibits and boot up. The
RF link test will verify the ability to communicate
between the ground station and the satellite by
transmission through air. The RF link test will also
include a 100 hr mission sequence test, in which the
system will be exercised over several days in a manner
representative of the actual mission, with periodic RF
communications sessions.
Figure 14: MightySat I Engineering Model Testing
Upon completion of testing at PL, MightySat I will be
shipped to NASA/Goddard Space Flight Center
(GSFC) for additional testing and integration into the
Hitchhiker system. At GSFC, magnetics testing will be
done to calibrate the magnetometer and magnetically
"trim" the vehicle.

MightySat I will soon enter the period of space vehicle
integration and test at PL, using the newly-developed
capabilities of the Aerospace Engineering Facility.
During this phase of the program, the government will
take the lead in integrating the ASCE, MAPLE-I,
SMARD, and MPID experiments. The plan for
payload integration and final space vehicle (spacecraft
+ payloads) testing is shown in Figure 15. 1ST in this
figure refers to Integrated Systems Test, a full
functional check-out of the MightySat I vehicle using
GSE and ground station computers. Mechanical testing
(pyroshock, random vibration, sine burst, sine sweep)
are perfonned to NASA-specified levels to meet
Hitchhiker requirements for delivery of a structurally
safe vehicle. Other testing is done to Air Force
requirements to verify system perfonnance.

Mission Operations
Three stand-alone, UHF Ground Control Stations
(GCS) were developed for the MightySat program.
Two will be used for satellite mission operations, and
the third is dedicated to ground testing.
The
operational system, shown in Figure 16, will be
installed at Kirtland Air Force Base (KAFBAlbuquerque, NM) and CTASS (McLean, VA) to
provide two locations for satellite contact. The GCS
was designed and built by Deskin Research Group, Inc
of Santa Clara, CA using a large amount of existing
hardware from previous government programs. The
GCS system developed for MightySat is a relatively
simple, low-cost architecture, that will pennit a small
team to manage the MightySat mission operations.

One of the more rigorous tests mandated by NASA is
the 25g sine burst test in three axes for qualification of
the flight composite structure. This test places a quasistatic acceleration on the flight structure and all of the
flight components. The pyroshock test, in addition to
verifying that all components can withstand the high

The ground control architecture is based upon the use
of two PCs, as shown in Figure 16. The Mission
Planning Computer (MPC) is the primary operator
interface. Commands are selected from a database
stored on the MPC for uplink to the satellite, and
downlinked telemetry is displayed on the MPC for
operator viewing and post-processing. Also, the MPC
contains orbit visualization and propagation software
for use in scheduling satellite contacts and other
mission .planning needs. The second PC, in the Signal
Processing Unit, controls the GCS hardware and
orchestrates the communications session between the
ground and the satellite. This PC interfaces directly
with the MPC to generate a track file for steering the 10
foot dish antenna during contact with the satellite. In
addition to the transmitter, dual receivers, and modems,

EMI
Testing

I

Ship to GSFC

I

Figure 15: MightySat I SN Integration and Test Flow
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Figure 16: Ground Control System Architecture

away from the earth. For orbits resulting from Shuttle
ejection, MightySat I will have three to four passes per
day over KAFB, with each pass lasting ~p to seven
minutes. The passes will occur about 90 mmutes apart,
followed by a long period ( up to 18 hours) of no
contact with the vehicle.
The same GCS hardware will be used for MightySat II,
with some minor modifications. Since MightySat II is
expected to host more data intensive payloads, .suc~ as
imaging systems, a more capable con:mumcatlOns
approach was required. MightySat II wtll ha~e fullduplex UHF communications, with a 2 kbps u~lmk ~d
256 kbps downlink. The concept of operatIons WIll

the GCS contains a timing source and Doppler
correction hardware.

I
I
I
I
I
I

I

The Concept of Operations for the MightySat I vehicle
is based largely upon experience from similar small
satellite programs, most notably RADCAL (RADar
CALibration Satellite). MightySat vehicles will be
operated by personnel from the SMC's Test and
Evaluation Directorate (SMC/TE), an organization with
a long history of performing mission operations for
non-operational Air Force space systems. The main
center for MightySat operations will be at KAFB. The
second GCS, installed at the spacecraft contractor
facility, will be used for anomaly resolution and extra
ground contacts. It is expected that the MightySat I
mission operations team will be comprised of one fulltime engineer and three part-time operators.

I
I

I

After preparation by the operations team, the actual
Mighty Sat I communications session occurs
autonomously. The satellite will initiate the exchange,
based upon a time-tagged communications event in its
Scheduler. Shortly after the "rise time" at the ground
site, the satellite will begin payload data downlink to
the GCS, which will store the data for post-pass
processing. Towards the middle of the pass, the
satellite and ground station will conduct bi-directional
communications, in which commands are uplinked to
the satellite scheduler and MightySat I state-of-health
data is down linked.
After this exchange, the
communications returns to one of satellite downlink of
pay load data.

Figure 17: MightySat I Mission Simulation
also be quite different from MightySat I, although a
similar manning strategy will be used.
MightySat II
MightySat I is a single-mission pathfinder for PL's
lon/:Io term program for technology demonstration
•
•
flights, MightySat II. As MightySat I was startmg m
June, 1995, a competition was being held to select a
spacecraft contractor to develop three to five small
satellite missions over the next decade. This contract
was awarded to Spectrum Astro, Inc., a small satellite
company in Gilbert, AZ with experience from the
MSTI (Miniaturized Sensor Technology Integration)
program. The program was initiated in March, 1996,
and work is now underway in both spacecraft design
and payload development.
An extensive list of
potential technology demonstration payloads from PL
has already been created for MightySat II missions.
Depending upon the level of funding, the first

The Aerospace Corporation developed a MightySat I
mission simulation model for visualization of the orbit
and to gain a better understanding of power and
communications issues. Figure 17 shows an image
from this simulation tool, with the MightySat I vehicle
in its expected orbit and attitude. The spin axis for the
vehicle is oriented normal to the orbital plane, which
causes the antennae to point alternately towards then
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MightySat II launch could occur in early 1999, with
subsequent flights spaced 18-24 months apart.
A drawing of the MightySat II spacecraft is shown in
Figure 18. MightySat II is a highly capable small
satellite, which can perform a wide array of technology
demonstration missions. The MightySat II spacecraft
is twice as large as MightySat I and is three-axis
stabilized with deployable, articulated solar arrays.
Some basic performance parameters for the MightySat
II system are also shown in Figure 18. In some cases,
such as the downlink, reduced performance was
accepted in order to maintain a low-cost approach. In
other areas, however, the contractor was able to offer a
relatively high level of capability at a reasonable cost.
For example, use of a flight proven star camera, which
has heritage from the Clementine small satellite
mission, enabled a high performance yet low-cost
attitude control system.
Mighty Sat II is designed to host a large set of
technology demonstration payloads, including earthpointing or space-pointing sensors. Although volume,
weight, and power limitations will still exclude largescale payloads, MightySat II should be capable of
supporting the needs of the large majority of PL
technology developers. The MightySat II program will
attempt to manifest as many payloads as possible on
each MightySat II mission. The first mission features
space demonstration of a Fourier Transform
Hyperspectral Imaging system, being developed by
PL's Lasers & Imaging Directorate. Hyperspectral
imagery is considered to have great potential for
military applications, including characterization of soil
conditions and detection of camouflaged targets. The
MightySat II sensor, however, is strictly a technology
concept demonstration, with no direct operational
utility. This imaging system will stress the data
collection and downlink capability of MightySat II,
since it acquires 160 Mbytes of imagery data in only
eight seconds.

275lbs
Vehicle Weight
125lbs
Payload Weight
325W
Maximum Power Generation
100/30 W
Payload Power Budget (sun/eclipse)
0.15/0.25 deg
Attitude Knowledge/Control
2/256 kbps
Uplink RatelDownlink Rate
Figure 18: MightySat II Performance Parameters
is their inherent safety, which should make them easily
incorporated into a Shuttle mission. PPTs have no
toxic propellants, no pressurized vessels, and only. a
single moving part: the spring that advances the sohd
Teflon fuel towards the ionization region
MAPLE-3, a continuation of the advanced
microelectronics demonstrations that began with
MightySat I, is another payload planned for the first
MightySat II mission. Other follow-on technology
demonstrations are in the area of composite structures.
The MightySat II primary structure will use compo~ite
materials with built-in thermal management propertIes.
Other structures demonstrations include a shape
memory film that minimizes thermal distortion of solar
arrays, a multi-functional film to transport power and
data signals without cumbersome wire harnesses, and
experimental solar array substrates using an isogrid
design.

This mission will also host an advanced, high
efficiency Pulsed Plasma Thruster (PPT) system, under
joint development by NASAlLewis Research Center
(LeRC) and PL' s Propulsion Directorate [Reference 2].
The PPTs are not only a technology demonstration
payload, but are critical for extending the MightySat II
mission life by raising the orbit. Studies have shown
that without PPTs, a MightySat II vehicle launched at
solar maximum into a typical Shuttle ejection orbit
(190 nmi) could be limited to under 60 days on orbit
before re-entry. With a reasonable amount of power,
the PPT can raise the MightySat II orbit to ensure a one
year orbit life. Another important benefit of the PPTs

Summary

This paper has provided an overview of PL's
MightySat program, focusing primarily on the
MightySat I mission. The primary objective of the
MightySat effort is to provide a low-cost space-based
platform for frequent demonstrations of advanced
space system technology. Demonstration of emerging
technologies will expedite transition of advanced
capabilities from the lab bench to operational Air Force
space systems, which is a critical element of the PL
charter. The MightySat I spacecraft and payloads
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were described in detail, and the approaches for system
testing, launch, and mission operations were discussed.
A brief overview of the MightySat II effort was also
included.
Perhaps the most notable features of the MightySat
program are the focus directly on technology
demonstration as a mission, and the attempt to execute
a DoD small satellite mission in a new cost regime.
MightySat seeks to build on the success of highly
effective small satellite programs accomplished by the
USAF over the past decade, including the STEP,
MSTI, and REX series, RADCAL and Advanced
Photovoltaic Experiment APEX. These pioneering
programs have built an infrastructure for the rapid
development of highly capable small satellite missions
at a greatly reduced cost. In addition, international
small satellite efforts have provided the models for
performing very effective space missions at a fraction
of what is typically spent on US DoD programs. In
essence, MightySat represents an attempt to perform a
USAF mission (technology demonstration) at a cost
comparable to the scientific missions of our colleagues
overseas. Is MightySat "smaller, faster, cheaper,
better?" Relative to past USAF missions, MightySat
will be somewhat smaller, perhaps faster, and simply
must be cheaper. Since the MightySat mission of
focusing strictly on technology demonstration is
significantly different from past programs, judgment
on "better" is not really possible. But if MightySat
achieves any of these goals, credit will be due in large
part to those small satellite missions that preceded it.
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